The goal of the European project muFly is to build a fully autonomous micro helicopter, which is comparable to a small bird in size and mass. The rigorous size and mass constraints infer various problems related to energy efficiency, flight stability and overall system design. In this research, aerodynamics and flight dynamics are investigated experimentally to gather information for the design of the helicopter's propulsion group and steering system. Several test benches are designed and built for these investigations. A coaxial rotor test bench is used to measure the thrust and drag torque of different rotor blade designs. The effects of cyclic pitching of the swash plate and the passive stabilizer bar are studied on a test bench measuring rotor forces and moments with a 6-axis force sensor. The gathered knowledge is used to design a first prototype of the muFly helicopter. The prototype is described in terms of rotor configuration, structure, actuator and sensor selection according to the project demands, and a first version of the helicopter is shown. As a safety measure for the flight tests and to analyze the helicopter dynamics, a 6DoF vehicle test bench for tethered helicopter flight is used.
Introduction
The state of the art in aerial robotics has moved rapidly from simple systems based on RC models, only able to do basic hover or cruise flights using inertial sensors, to robotic vehicles able to navigate and perform simple missions using GPS and/or vision sensors. In terms of fixed wing aircraft, this state of the art evolution concerns UAVs as large as 3 m like the Sky-sailor solar airplane [1] , as well as vehicles as small as the Procerus MAV [2] or the Aerovironment's Black widow MAV [3] . Rotary wing systems also follow this state of the art evolution, with the largest available MAVs like the quadrotor developed at Cambridge university [4] . However, the research focus for palm size helicopters is still on vehicle design and flight stabilization. Here, examples are the muFR helicopter [5] , the CoaX developed at EPF Lausanne [6] and the MICOR developed by the University of Maryland [7] . These MAV's are among the most advanced, but their capabilities are still limited to automatic hovering or human aided navigation. The European project muFly was launched in July 2006. Its project consortium consists of six partner institutions working on different fields as sensors, actuators and power supply. The goal of the project is the development of a fully autonomous micro helicopter, comparable in size and mass to a small bird. At this scale, a lot of challenges arise, such as the low efficiency of the rotor system [8] or the low thrust to weight ratio. The muFly project tackles these problems by investigating the different components of the system. Therefore, test benches are built to acquire experimental data. Together with simulation results, this data is used to design the actual helicopter. But even before these problems can be attacked, the general concept for the helicopter has to be chosen.
Today there exist many different configurations of rotary wing aircrafts, such as quadrotor, conventional single rotor, axial and coaxial helicopters (Fig. 1) , and each one possesses advantages and drawbacks. Thus, a careful evaluation of each of them is necessary before the rotor configuration for muFly can be chosen. This includes important criteria like compactness, mass, power consumption and payload. Those criteria are listed, weighted and used for grading the different configurations in Table 1 . Note that the two first criteria are muFly specific. Compatibility 1 constrains the selection to the system specifications defined in the project proposal, while the Compatibility 2 constrains the selection to the technology available from the project partners.
All these five different configurations are virtually designed at a scale comparable to that of muFly, and their respective masses and power consumptions are calculated. Every criterion is graded on a scale from 1 (worst) to 10 (best), only mass, power consumption and index indicator are calculated quantities. They are scaled to fit into the grading range. While the coaxial and axial concept mainly convince with their compactness and compatibility with the muFly specifications, the tandem and quadrotor achieve a high payload. The conventional helicopter configuration suffers from a lack of compactness and the fact that not all the power is used for propulsion (tail rotor). The evaluation shows that a coaxial setup is the best choice for the muFly application.
Next question is how to steer the helicopter, so different steering concepts are evaluated such as moving the center of gravity [6] or using flaps to change the orientation of the down wash [7] . For our project, a simplified swash plate mechanism K. P. Valavanis et (eds.), Unmanned Aircraft Systems al. 246
